1. Introduction {#sec1-sensors-19-00492}
===============

1.1. Absolute Stress in Structural Steel Members {#sec1dot1-sensors-19-00492}
------------------------------------------------

Many large-scale steel structures have been built worldwide due to their high degree of industrialization \[[@B1-sensors-19-00492],[@B2-sensors-19-00492]\]. Fully understanding the performance degradation of steel structures during their entire life cycle has become a significant topic \[[@B3-sensors-19-00492]\], which has received increasing attention in academic and engineering fields \[[@B4-sensors-19-00492],[@B5-sensors-19-00492]\]. Structural health monitoring \[[@B6-sensors-19-00492],[@B7-sensors-19-00492]\] is one of the most effective technologies to sense the real response of the monitored objects. Many excellent monitoring technologies \[[@B8-sensors-19-00492],[@B9-sensors-19-00492]\], systems \[[@B10-sensors-19-00492]\], and advanced intelligent algorithms \[[@B11-sensors-19-00492]\] have been developed and applied to solve engineering problems. A stress monitoring system \[[@B12-sensors-19-00492],[@B13-sensors-19-00492]\], which plays an important role in structural health monitoring technologies, has been regarded as a mature way to obtain structural stress information from the macroscale stress distribution of a whole structure \[[@B14-sensors-19-00492]\] to the microscale stress concentration of a local member \[[@B15-sensors-19-00492]\]. However, the monitored stress value using a stress monitoring system is a relative value rather than an absolute value. The absolute stress, which represents the current state of structures, is a significant indicator for judging the safety of structures \[[@B16-sensors-19-00492]\].

Existing stress measurement methods, such as diffraction \[[@B17-sensors-19-00492],[@B18-sensors-19-00492]\] and magnetic methods \[[@B19-sensors-19-00492]\], can be used to detect the absolute stress of materials. However, these methods are unable to adequately test large-scale steel members and are unsuitable for field applications because a strict testing environment is required during the testing process. In addition, the testing equipment is complex, and the testing process is time consuming. Generally, absolute stress measurements of structural steel members using structural health monitoring technologies remains a challenging task \[[@B20-sensors-19-00492],[@B21-sensors-19-00492]\].

1.2. Ultrasonic Stress Measurement Methods {#sec1dot2-sensors-19-00492}
------------------------------------------

In recent years, ultrasonic methods, which are based on acoustoelastic effects, have been studied to evaluate the internal and initial stress in complex structures \[[@B22-sensors-19-00492],[@B23-sensors-19-00492],[@B24-sensors-19-00492],[@B25-sensors-19-00492]\]. Compared with other stress measurement methods, such as X-ray diffraction \[[@B17-sensors-19-00492]\], neutron diffraction \[[@B18-sensors-19-00492]\], and magnetic \[[@B19-sensors-19-00492]\] methods, ultrasonic methods have shown great prospects for use in in-site stress measurements \[[@B26-sensors-19-00492]\]. Essentially, ultrasonic methods establish a linear relationship between the stress and ultrasonic wave velocities, that is, a time-of-flight (TOF) measurement \[[@B27-sensors-19-00492]\]. Compared with other ultrasonic waves, a longitudinal critically refracted (Lcr) wave exhibits the greatest sensitivity to stress \[[@B28-sensors-19-00492]\]. Hence, these waves have been widely used to evaluate welding residual stress \[[@B29-sensors-19-00492]\], rail stress \[[@B30-sensors-19-00492]\], steam turbine disk stress \[[@B31-sensors-19-00492]\], and steel member stress \[[@B22-sensors-19-00492]\]. To improve the signal-to-noise ratio, the laser-generated Lcr wave method was presented to evaluate the stress in a noncontact manner \[[@B32-sensors-19-00492]\], and the piezoelectric effect-generated Lcr wave was investigated to detect the stress in an immersion manner \[[@B33-sensors-19-00492]\]. Combining the experimental and the numerical analysis results, the colored stress distribution nephogram of a tested member can be sketched \[[@B34-sensors-19-00492]\]. Because the Lcr wave energy is relatively small and rapidly decays, guided ultrasonic wave methods have been proposed and used to monitor the stress in steel strands \[[@B35-sensors-19-00492]\] and aluminum plates \[[@B36-sensors-19-00492],[@B37-sensors-19-00492]\], which is a further application of the acoustoelastic effect. Recently, the influence of a uniaxial load on the electromechanical impedance of embedded piezoceramic transducers in steel fiber concrete was investigated \[[@B38-sensors-19-00492]\]. A normalized root-mean-square deviation index was developed to analyze the electromechanical impedance information, and the experimental results showed that the index increases with the uniaxial load, thus providing a potential method to evaluate the uniaxial stress of steel fiber concrete.

In addition to the methods described above, the shear wave \[[@B39-sensors-19-00492]\] can also be used to evaluate stress. The effect of birefringence \[[@B40-sensors-19-00492]\] describes a phenomenon in which the velocity of a shear wave varies when the shear wave vibrates in different directions, which endows the shear wave with unique advantages to evaluate the stress in materials. If two individual stress values in plate-like components need to be detected, then the combination of longitudinal and polarized shear waves is advantageous \[[@B41-sensors-19-00492]\]. In addition, by measuring the velocities of the shear wave in two different polarization directions, the influence of texture during the stress evaluation can be separated \[[@B42-sensors-19-00492]\]. Note that the aforementioned shear-wave methods are based on TOF measurements. The accuracy of the ultrasonic stress evaluation results is influenced by the TOF data collection. In fact, many uncertain factors, such as microcracks \[[@B43-sensors-19-00492]\], inhomogeneous materials \[[@B44-sensors-19-00492]\], coupling conditions \[[@B45-sensors-19-00492]\], and temperature \[[@B46-sensors-19-00492]\], may lead to a distortion of the waveform, which limits the industrial application of ultrasonic methods. It is critical to distinguish the influence of the uncertainty factors from that of stress \[[@B47-sensors-19-00492]\]. To date, only a few systems have been used in practical engineering \[[@B48-sensors-19-00492]\].

In addition to the above methods, shear-wave frequency domain signals have received attention in recent years. Shear-wave spectrum analysis methods are based on acoustoelastic theory and the shear-wave birefringent effect. When a beam of a shear wave is perpendicularly incident to a stressed solid, it separates into two modes. The two separated shear-wave modes travel with different velocities, which produces interference effects. The received shear-wave spectrum contains the interference information, which can be used to evaluate the absolute stress in solids \[[@B49-sensors-19-00492]\]. Recently, the shear-wave amplitude spectrum method was proposed to measure the absolute stress in steel members \[[@B24-sensors-19-00492]\]. The experimental results showed that the inverse of the CF linearly changed with the applied uniaxial stress, and then the mechanically applied stresses of the structural steel members were evaluated. The ultrasonic shear-wave amplitude spectrum method makes use of the amplitude spectrum to establish the relationship between the stress and the CF. In fact, the phase spectrum also contains the stress information along the shear-wave propagation path, which may provide a new method to detect the absolute stress in structural steel members. However, the effect of stress on the phase spectrum is not as well understood, which is the focus of this study.

1.3. Goals and Objectives of This Study {#sec1dot3-sensors-19-00492}
---------------------------------------

In light of the challenges described above, here we investigate the influence of uniaxial stress on shear-wave spectrum propagation in steel members. Compared to our previous work \[[@B24-sensors-19-00492]\], which aimed to measure the absolute stress using the shear-wave amplitude spectrum, this paper further studies the phase spectrum of a shear wave propagating in steel members. Moreover, the shear-wave amplitude spectrum and phase spectrum are compared in terms of CF collection, parametric calibration and absolute stress measurement principles, which represents an expansion of our previous method \[[@B24-sensors-19-00492]\]. For this purpose, the theoretical formulas of the shear-wave pulse echo phase spectrum are derived. Accordingly, the relationship between the uniaxial stress and the CF is established. Three structural steel members are tested to investigate the effect of the applied uniaxial stress on the shear-wave amplitude and phase spectra. The parameters representing the quantitative relationship between the stress and the CF are calibrated using the experimental data. The results show that the amplitude and phase spectra have the potential to be used for stress monitoring of in-service structures.

2. Theory {#sec2-sensors-19-00492}
=========

2.1. Theoretical Derivation of the Shear-Wave Pulse Echo Spectrum {#sec2dot1-sensors-19-00492}
-----------------------------------------------------------------

The theoretical expression of the shear-wave pulse echo spectrum is derived on the assumption that the steel member interface exerts no effect on the propagation of the shear wave. In addition, the steel member material is assumed to be isotropic and homogeneous as well as be elastic in its range. When a beam of ultrasonic shear-waves is perpendicularly incident on a steel member, the motion equation of the shear-wave propagating is $$u_{0} = y(t) = {\sum\limits_{i = 0}^{n}{A_{i}\cos(w_{i}t}} + j_{i}),(i = 0,1,2,...,n),$$ where the shear-wave contains various components of the harmonic vibration, *u*~0~ and *A*~i~ are the amplitude of the vibration source and the amplitude of the *i*th component, respectively; *w~i~* and *φ~i~* are the angular frequency and initial phase of the *i*th component, respectively; and *t* is the vibration time.

Uniaxial stress in steel members can cause an acoustic anisotropy of the material; that is, stress causes the ultrasonic velocity to change when vibrating in different directions. When an ultrasonic shear-wave is perpendicularly incident on a steel member under a uniaxial stressed state, it separates into two shear-wave modes with one polarization direction parallel to the stress direction and the other mode perpendicular to the stress direction \[[@B49-sensors-19-00492]\]. The motion equations of the two separated shear waves are \[[@B40-sensors-19-00492]\] $$u_{1}(x_{3},t) = y(t - \frac{x_{3}}{v_{31}})\cos\theta,$$ $$u_{2}(x_{3},t) = y(t - \frac{x_{3}}{v_{32}})\sin\theta,$$ where *x*~1~, *x*~2~ and *x*~3~ are axes of the Cartesian coordinate; the two separated shear waves propagate in the positive direction of *x*~3~; *v*~31~ and *v*~32~ are the velocities of the two shear-waves traveling in the direction of *x*~3~ with a particle vibration parallel to *x*~1~ and *x*~2~, respectively; and *θ* is the angle between the incident shear-wave direction and the *x*~1~ direction.

When the two separated shear waves travel from the starting point on one side of the steel member to the rear side, they will be reflected and travel back to the starting point. The synthesis of the two reflected shear waves is $$u_{r}(t) = y(t - \frac{x_{3}}{v_{3}{}_{1}}) \cdot \cos^{2}\theta + y(t - \frac{x_{3}}{v_{3}{}_{2}}) \cdot \sin^{2}\theta,$$ where *y*(*t* − *x*~3~/*v*~31~) and *y*(*t* − *x*~3~/*v*~32~) contain the information of the two separated shear waves' TOF delay and cos^2^*θ* and sin^2^*θ* contain the amplitude information of the two wave components that synthesize pulse echo in the incident direction. Let *M* = cos^2^*θ* and *N* = sin^2^*θ*; then Equation (4) can be simplified as the following form:$$u_{r}(t) = y(t - \frac{x_{3}}{v_{31}}) \cdot M + y(t - \frac{x_{3}}{v_{32}}) \cdot N.$$

*U*~0~ (*f*) and *U~r~* (*f*) are defined as the Fourier transforms of *y*(*t*) and *u~r~*(*t*), respectively. The synthesis of the two reflected shear waves in the frequency domain is \[[@B24-sensors-19-00492]\] $$U_{r}(f) = U_{0}(f) \cdot L(\theta,f),$$ $$\begin{array}{ll}
{L(\theta,f) =} & {\cos(2\pi f\frac{x_{3}}{v_{31}}) \cdot M + \cos(2\pi f\frac{x_{3}}{v_{32}}) \cdot N} \\
 & {- i\left\lbrack {\sin(2\pi f\frac{x_{3}}{v_{31}}) \cdot M + \sin(2\pi f\frac{x_{3}}{v_{31}}) \cdot N} \right\rbrack} \\
\end{array}$$ where *L*(*θ*,*f*) is defined as the interference factor (IF). Equation (6) is the theoretical expression of the shear-wave pulse echo spectrum propagating in steel members. Note that Equation (6) is equivalent to Equation (4) and contains the interference information of the two separated shear waves.

2.2. Theoretical Derivation of the Shear-Wave Amplitude Spectrum {#sec2dot2-sensors-19-00492}
----------------------------------------------------------------

Equation (6) contains information on the amplitude spectrum and phase spectrum. By taking the modular operation on both sides of Equation (6), the theoretical formula of the shear-wave amplitude spectrum can be obtained, which is shown in the following formula. $$\left| {U_{r}(f)} \right| = \left| {U_{0}(f)} \right| \cdot \left| {L(\theta,f)} \right|,$$ $$\left| {L(\theta,f)} \right| = \sqrt{{1 +}2MN(\cos\left( {2\pi Pf) - 1} \right)},$$ where \|*L*(*θ*,*f*)\| is the amplitude of the interference factor (AIF) with a value ranging from 0 to 1; *P* equals (*2l*/*v*~31~ − *2l*/*v*~32~), which is the TOF difference of the two separated shear waves.

The AIF is a periodic function of the frequency and polarized angle. When the AIF reaches a minimum, the frequency and the polarized angle can be solved. $$\left\{ \begin{array}{l}
{f^{*} = \frac{2N_{1} - 1}{2P},(N_{1} = 1,2,3,...)} \\
{\theta = \frac{N_{2}\pi}{4},\ (N_{2} = 1,3,5,...)} \\
\end{array} \right..$$

In Equation (10), *f* \* is defined as the CF. The CFs are defined as the first CF (*f*~1~\*), the second CF (*f*~2~\*), the third CF (*f*~3~\*), ..., when *N*~1~ equals 1, 2, 3, ..., respectively.

Equation (8) shows that the amplitude spectrum is a product of the incident shear-wave amplitude spectrum and the AIF. The periodic values for the frequency and the polarized angle are 1/*P* and *π*/2, respectively. Particularly, when the shear-wave polarized angle is an odd multiple of *π*/4, the AIF reaches 0 at the minimum point. This finding indicates that the energy of the harmonic component with the frequency of (2*N*~1~ − 1)/2*P* decreases to 0. Correspondingly, the amplitude value in the amplitude spectrum with a frequency of (2*N*~1~ − 1)/2*P* decreases to 0. In Equation (9), *P* is the TOF difference of the two separated shear waves. Because the TOF difference of the two separated shear waves is determined by the uniaxial stress, the CF in Equation (10) is related to the uniaxial stress in the steel member. This effect establishes the foundation for detecting the uniaxial stress in steel members from the shear-wave amplitude spectrum.

2.3. Theoretical Derivation of the Shear-Wave Phase Spectrum {#sec2dot3-sensors-19-00492}
------------------------------------------------------------

*φ*~0~(*f*) and *φ~r~*(*f*) are defined as the phase spectra of *U*~0~ (*f*) and *U~r~* (*f*), respectively. The spectra *U*~0~ (*f*) and *U~r~* (*f*) are complex functions. By combination with Equation (6), the following expression can be obtained. $$\varphi_{r}(f) = \varphi_{0}(f) + \varphi_{L}(f),$$ where *φ~L~*(*f*) is defined as the phase of the interference factor (PIF).

From Equation (7), the following formula can be obtained:$$\varphi_{L}(f) = - \pi f(\frac{2l}{v_{31}} + \frac{2l}{v_{32}}) - \arctan((M - N) \cdot \tan(\pi fP)).$$

By substituting Equation (12) into Equation (11), the theoretical expression of the shear-wave pulse echo phase spectrum can be obtained. $$\varphi_{r}(f) = \varphi_{0}(f) - \pi f(\frac{2l}{v_{31}} + \frac{2l}{v_{32}}) - \arctan((M - N) \cdot \tan(\pi fP)).$$

From Equation (13), the shear-wave pulse echo phase spectrum contains three parts. The first part, *φ*~0~(*f*), is the phase spectrum of the incident shear wave. The second part, −*πf*(*2l*/*v*~31~ + *2l*/*v*~32~), is the delayed phase values of the shear-wave propagating a length of 2*l*. The third part equals −arctan((*M* − *N*)·tan(*πfP*)), which is the phase value caused by the TOF difference for the two separated shear waves. When the amplitude of the separated shear waves is identical, that is, *N* equals *M*, the third part in Equation (13) is 0, and the corresponding shear wave polarized angle is 45°. In the following theoretical derivation, as the third part in Equation (13) is significant for CF collection, the shear wave polarized angle should not be 45°. Comparing Equations (8) and (11), the interference factor plays different roles in the amplitude and phase spectra. The AIF (\|*L*(*θ*,*f*)\|) and the PIF (*φ~r~*(*f*)) indicate the amplitude change and the phase change in the synthesis shear wave, respectively.

When the shear-wave pulse echo amplitude spectrum reaches a minimum value, the phase difference of the two separated shear-waves should be (2*N*~3~ − 1)*π*. Hence, the phase difference of the two separated shear-waves corresponds to the TOF difference, *P*, should be (2*N*~3~ − 1)*π*. $$2\pi fP = (2N_{3} - 1)\pi,{\ (}N_{3} = 1,\ 2,\ 3,\ ...).$$

The solution of Equation (14) is $$f^{*} = \frac{2N_{3} - 1}{2P},{\ (}N_{2} = 1,\ 2,\ 3,\ ...),$$ which is identical to the CF derived from the amplitude spectrum.

Particularly, when the polarized angle of the shear-wave is 45°, the third part in Equation (13) is 0. Then, the shear-wave pulse echo phase spectrum is $$\varphi_{45^{\circ}}(f) = \varphi_{0}(f) - \pi f(\frac{2l}{v_{31}} + \frac{2l}{v_{32}}).$$

The phase difference between an arbitrary polarized angle *θ*, and the polarized angle of 45° is $$\Delta\varphi_{r} = - \arctan((M - N) \cdot \tan(\pi fP)).$$ where Δ*φ~r~* is defined as the phase difference (PD). A typical illustration of the PD is shown in [Figure 1](#sensors-19-00492-f001){ref-type="fig"}, in which *P* is taken as equal to 100 ns as an example. The CF in the curve of the PD corresponds to an inflection point. The inflection point in the PD curve can be used to identify the CF.

A method for obtaining the inflection point is to draw an image of the derivation of the PD (DPD), in which the maximum point corresponds to the CF. An illustration of the DPD curve when *P* = 100 ns is shown in [Figure 2](#sensors-19-00492-f002){ref-type="fig"}. The maximum values in the curve correspond to the CFs. Both Equations (10) and (15) show that the CF is a key indicator because it is directly related to the TOF difference of the two separated shear waves. Hence, the CF can be collected by determining the maximum value in the curve of the DPD function.

2.4. Uniaxial Stress Measurement Using the Shear-Wave Pulse Echo Spectrum {#sec2dot4-sensors-19-00492}
-------------------------------------------------------------------------

According to the acoustoelastic effect, the velocities of the shear waves are different when their particle vibration directions are perpendicular and parallel to the stress direction, respectively. The velocities of the shear waves can be related to the uniaxial stress, which theoretical formulas can be found in references \[[@B24-sensors-19-00492],[@B50-sensors-19-00492]\]. By further combining Equations (10) and (15), we obtain the following formula \[[@B24-sensors-19-00492]\]. $$\sigma = \frac{\kappa}{f^{*}} - \gamma,~(N_{2} = 1),$$ $$\kappa = \frac{2N_{1} - 1}{2t_{0}} \cdot \frac{- 8\mu^{2}}{4\mu + n},\ (N_{1} = N_{3} = 1,\ 2,\ 3,\ ...),$$ $$\gamma = \frac{- 8\mu^{2}}{4\mu + n}\alpha,$$ where *σ* is the uniaxial stress in the direction of *x*~2~; *λ* and *μ* are the second-order elastic constants; *l*, *m*, and *n* are the third-order elastic constants; *t*~0~ is the shear-wave TOF in the free-stressed state and equals 2*l*/*v*~0~; *α* is a factor to indicate the initial anisotropy of the materials; and *κ* and *γ* should be fitted using the uniaxial compressive test.

3. Experimental Studies {#sec3-sensors-19-00492}
=======================

3.1. Equipment and Sample {#sec3dot1-sensors-19-00492}
-------------------------

The devices and the measurement schematic diagram for identifying the uniaxial stress effect on the spectrum of the shear wave are shown in [Figure 3](#sensors-19-00492-f003){ref-type="fig"} and [Figure 4](#sensors-19-00492-f004){ref-type="fig"}, respectively. The probe used in the experiments is a normal incidence shear-wave transducer (V156-5/25''; central frequency: 5 MHz; Olympus NDT, Waltham, MA, USA), which can introduce shear waves directly into the steel member without the use of refraction. The shear-wave transceiver probe is excited by the ultrasonic generator (5072PR; Olympus NDT, Waltham, MA, USA) and a pure shear wave is generated. The generated shear wave is perpendicularly incident on the steel member loaded by a universal testing machine (SHT4605; MTS Systems (Shenzhen, China) Co., LTD). After being reflected from the rear side of the steel member, the shear wave travels back to the steel member surface and is received by the transceiver probe. The shear-wave pulse echo signals travel back to the ultrasonic generator and are finally collected by the oscilloscope (MDO3024; Tektronix, Beaverton, OR, USA). A personal computer (PC) is used to process the received signals. The polarized angle of the shear wave can be determined by rotating the transceiver probe that is imbedded in a card slot. More details of collecting the pulse echo shear waves can be found in paper \[[@B24-sensors-19-00492]\].

Three steel members, made of Q235 steel, are designed and used as the test specimens. The dimensions of the three steel members are 80 mm × 45 mm × 24 mm (sample C1), 80 mm × 45 mm × 30 mm (sample C2), and 80 mm × 45 mm × 36 mm (sample C3). GW-type-III ultrasound coupler is used as the couplant to couple the probe and the specimens.

As the shear-wave length is small enough (approximately 0.64 mm) and the shear-wave travel length is short enough (24 mm to 36 mm), we do not consider the influence of steel member boundaries on shear-wave propagation. Therefore, guided waves are not formed when the shear wave propagates in steel members. The experiment was conducted at room temperature (25 °C), and the temperature was considered constant. Therefore, variations in the operational temperature were not considered.

3.2. Influence of the Uniaxial Stress on the Shear-Wave Amplitude Spectrum {#sec3dot2-sensors-19-00492}
--------------------------------------------------------------------------

A universal testing machine was used as the loading device to apply compressive stress along the vertical axis of the three specimens. The increasing step load history applied to the three specimens is shown in [Figure 5](#sensors-19-00492-f005){ref-type="fig"}. The step load increased from 20 MPa to 230 MPa with a step amplitude of 10 MPa. The transceiver probe is attached to the specimens' surface. During each loading stabilization, the shear-wave pulse echo signals are collected using the oscilloscope with a sampling rate of 100 MSa/s. The typical time-domain signals of the received shear waves (sample C3, σ = 200 MPa) are shown in [Figure 6](#sensors-19-00492-f006){ref-type="fig"}. Using the Fourier transform method, the pulse echo signal can be converted into frequency domain signals \[[@B24-sensors-19-00492]\].

The shear wave is perpendicularly incident on the steel member with a polarized angle of 45°. The second pulse echo signals are extracted, and the corresponding applied uniaxial stresses are recorded. The Fourier transform method is used to transform the time domain signal to the amplitude spectrum. Hence, the change in the amplitude spectra affected by the stresses for the three specimens can be obtained. [Figure 7](#sensors-19-00492-f007){ref-type="fig"} shows the normalized amplitude spectra under different compressive stress states in samples C1, C2, and C3.

3.3. Influence of Uniaxial Stress on the Shear-Wave Phase Spectrum {#sec3dot3-sensors-19-00492}
------------------------------------------------------------------

The polarized angles of 40° and 45° were selected during the experiments. Using the Fourier transform method, the shear-wave phase spectrum could be obtained from the collected time-domain signals. The phase spectrum corresponding to different uniaxial compressive stresses could be obtained for the three specimens. A typical illustration of the change in the phase spectrum affected by the stress state is shown in [Figure 8](#sensors-19-00492-f008){ref-type="fig"}.

The PD describes the difference of the two phase spectra for an arbitrary polarized angle and a polarized angle of 45°. With the phase spectra of polarized angles at 40° and 45°, the PD under different stress states could be sketched. Further, the DPD curves was successfully obtained. The influence of stress on the normalized DPD curves for the three specimens is shown in [Figure 9](#sensors-19-00492-f009){ref-type="fig"}.

3.4. Parameter Calibration of the Stress Measurement Formula {#sec3dot4-sensors-19-00492}
------------------------------------------------------------

The aim of sketching the amplitude spectra and the DPD curves is to collect the CFs in each stress state. For the convenience of making a comparison between the amplitude spectra and the DPD curves, the second CFs for sample C1, the third CFs for sample C2, and the fifth CFs for sample C3 are extracted from the amplitude spectra and DPD curves under identical applied uniaxial stresses. The comparison of the CFs in the amplitude spectra and the DPD curves for the three samples are shown in [Figure 10](#sensors-19-00492-f010){ref-type="fig"}. Using the least squares method listed in reference \[[@B24-sensors-19-00492]\], the parameters in Equation (18) can be obtained from a linear fitting of the stress and the inverse of the CF, which is shown in [Figure 11](#sensors-19-00492-f011){ref-type="fig"} and [Figure 12](#sensors-19-00492-f012){ref-type="fig"}. The coefficients of the fitting line are listed in [Table 1](#sensors-19-00492-t001){ref-type="table"}.

4. Results and Discussion {#sec4-sensors-19-00492}
=========================

4.1. Influence of Uniaxial Stress on Shear-Wave Amplitude Spectrum {#sec4dot1-sensors-19-00492}
------------------------------------------------------------------

The amplitude spectrum of a shear wave traveling in a steel member under different stress state is definitely different, as shown in [Figure 7](#sensors-19-00492-f007){ref-type="fig"}. The main reason is that the interference effect between the two separated shear waves lead to an energy loss of the harmonic components. In particular, the energy of the harmonic component corresponding to the CF decreased to 0 when the shear-wave polarized angle reached 45°. In addition, the amplitude spectra did not change with stress when the shear-wave polarized angle was 0°. The reason for this phenomenon is that the velocities of the two separated shear waves are identical. Therefore, no interference occurs between the two separated shear waves. Another explanation of this phenomenon can be found in Equations (8) and (9), in which the AIF equals 1 when the shear-wave polarized angle is 0°. Hence, the pulse echo amplitude spectrum does not change with stress.

As shown in [Figure 7](#sensors-19-00492-f007){ref-type="fig"}, the minimum point is periodically presented in the amplitude spectra with a repetition period of 3.75 MHz, 2.39 MHz, and 1.25 MHz for samples C1, C2, and C3, respectively. According to Equation (10), the periodic values for the CF are 1/*P*. Because the TOF difference (*P*) of the two separated shear waves depends on the dimensions of the sample, sample C3 with the thickest size shows the least periodic value, while sample C1 with the thinnest size presents the maximal period. The minimum point in an amplitude spectrum corresponds to the CF. The CF shows a tendency to move left with increasing stress, which lays the foundation for stress evaluation. This is consistent with the theoretical analysis result in Equation (10): the CF decreases when the stress-induced TOF difference *P* increases.

4.2. Influence of Uniaxial Stress on Shear-Wave Phase Spectrum {#sec4dot2-sensors-19-00492}
--------------------------------------------------------------

[Figure 8](#sensors-19-00492-f008){ref-type="fig"} shows the typical phase spectra when the applied compressive stress increases from 20 MPa to 230 MPa. All the phase spectra have a tendency to decrease with increasing frequency. The inflection points periodically appear on the phase spectra curves. With increasing compressive stress, the inflection points tend to move left. However, it is difficult to observe any quantitative relationship between the inflection points and the stresses.

The DPD curves of the three samples in [Figure 9](#sensors-19-00492-f009){ref-type="fig"} show an obvious variation tendency. Compared with the phase spectrum, the influence of stress on the DPD curves is obvious because a peak point appears, which corresponds to a specific inflection point. The peak points periodically appeared in each DPD curve with nearly identical periods to the amplitude spectra for the three samples. As the peak point in the DPD curve corresponds to the CF, the CF can be obtained from the DPD curve. In [Figure 9](#sensors-19-00492-f009){ref-type="fig"}, the DPD curves of three samples show that the CF decreases with stress, which is consistent with the results obtained from the amplitude spectrum.

4.3. Comparison of the Amplitude and Phase Spectra {#sec4dot3-sensors-19-00492}
--------------------------------------------------

Equations (10) and (15) indicate that the abscissas corresponding to the minimum point in the amplitude spectrum and the maximum point in the DPD curve should be identical, which was verified by the experimental results in [Figure 10](#sensors-19-00492-f010){ref-type="fig"}. The CFs obtained from the amplitude spectra and the DPD curves in [Figure 10](#sensors-19-00492-f010){ref-type="fig"} are nearly identical. Therefore, both the amplitude spectrum and the phase spectrum can be used to extract the CF. The difference between the two methods is that the stress exerts a direct influence on the amplitude spectrum, while the effect of stress on the phase spectrum is difficult to observe, and the CF is extracted from the DPD curve.

For the amplitude spectrum, the CF can be obtained with only one shear-wave pulse echo signal with a polarized angle of 45°. For the phase spectrum, two shear-wave pulse echo signals are required: one is the signal with a polarized angle of 45°, and the other is the signal with a polarized angle of close to 45°. Therefore, the shear-wave pulse echo signal with a polarized angle of 45° is required for both the amplitude and phase spectra.

Notably, the essence of the stress effect on the two spectra is identical, that is, the interference effect of the two separated shear waves. The velocities of the two separated shear waves propagating in a stressed steel member are different; thus, the interference effect occurs for the two separated shear waves. For the amplitude spectra, when the shear-wave polarized angle is 45°, the interference effect induces the amplitude of the CF to decrease to 0; thus, a minimum point appears, and the CF can be obtained. For the phase spectra, the maximum point in the DPD curve corresponds to the CF, and it changes with stress. Although the method of collecting the CF is different, the value of the CF corresponding to a certain stress state is identical. Therefore, the calibrated parameters using the two sets of data should be identical.

Note that the CF corresponding to a peak point in the DPD curve is easily observed, while the minimum point in the amplitude spectrum is not always obvious, as shown in [Figure 7](#sensors-19-00492-f007){ref-type="fig"} and [Figure 9](#sensors-19-00492-f009){ref-type="fig"}. For instance, the second CFs (*f*~2~^\*^) for sample C1 and the third CFs (*f*~3~^\*^) for sample C2, which are shown in [Figure 7](#sensors-19-00492-f007){ref-type="fig"}a,b, are difficult to collect. The main reason is that the amplitude spectrum indicates the energy amplitude of a certain frequency, which is directly related to the transceiver probe. In this work, the central frequency of the probe is approximately 5 MHz, and the amplitude spectrum energy is centered on the range of 3--7 MHz. When the CFs are beyond the range of 3--7 MHz, the change in the amplitude spectrum energy is not dramatic and is difficult to observe. Therefore, from the aspect of CF extraction, the phase spectrum method is more advantageous.

4.4. Parametric Calibration for the Stress Measurement Formula {#sec4dot4-sensors-19-00492}
--------------------------------------------------------------

[Figure 11](#sensors-19-00492-f011){ref-type="fig"} and [Figure 12](#sensors-19-00492-f012){ref-type="fig"} show that the inverse of the CFs obtained from the amplitude spectra and the DPD curves linearly change with the stress. The calibrated parameters in [Table 1](#sensors-19-00492-t001){ref-type="table"} indicate that the correlation coefficients (*R*^2^) of all the lines are larger than 0.95, which verifies the correctness of Equation (18).

The difference in the calibrated parameter *κ* using the amplitude spectrum and the phase spectrum is less than 1% for the three samples. This error may come from the ambient effect and can be ignored. The parameter *γ* is related to the material and the initial acoustic anisotropy. Because the three samples were cut from one steel plate, the calibrated parameter *γ* is nearly identical for the three samples using the two types of spectra, in which the maximum error is 13.75 MPa. With the calibrated parameters, the uniaxial stress in a steel member can be evaluated by collecting the shear-wave pulse echo signals and extracting the CFs from the amplitude spectra or the DPD curves. The results in this work provide a potential way to detect the uniaxial absolute stress in structural steel members using the amplitude spectrum method and the phase spectrum method.

The experiments of this work were implemented on the laboratory scale, and a perfect linear relationship between the stress and the inverse of CFs was obtained. However, some necessary factors need to be considered for the absolute stress evaluation of realistic structures. For instance, the ambient temperature of realistic structures is uncontrollable, the surface roughness of the tested steel members will be notable due to the development of corrosion, and the coupling state between the probe and steel member surface is difficult to maintain in a constant state. All of these factors may exert a direct influence on the absolute stress measurement. Another limitation of the two methods is that structural steel members are usually non-removable after installation. It is hard to calibrate the parameters on the original tested member. A possible solution is to replicate a steel member with the same material and dimensions as the tested steel member. However, the replicated steel member is not the original in-service steel member, and the potential differences between the tested and replicated steel members may lead to errors in parametric calibration. To realize the practical engineering application of the shear-wave spectrum method, further research efforts should focus on the influence of temperature, surface roughness and coupling state on parametric calibration and the absolute stress measurement.

5. Conclusions {#sec5-sensors-19-00492}
==============

In this paper, the influence of uniaxial stress on the shear-wave spectrum propagating in steel members was investigated. Three steel members were used to study the effect of the applied uniaxial stress on the amplitude spectrum and phase spectrum. The conclusions are summarized as follows:

\(1\) The theoretical expressions of the shear-wave pulse echo phase spectrum were derived. The essence of the stress effect on the shear-wave phase spectrum is the interference effect of the two separated shear waves, which follows the same principles as the shear-wave amplitude spectrum.

\(2\) The CFs can be obtained from both the amplitude spectrum and the DPD curve. The extracted CFs are identical when the steel member is under the same stress state. To collect a CF, one shear-wave signal is required for the amplitude spectrum, while two shear-wave signals are needed for the phase spectrum.

\(3\) The inverse of the CF showed a linear relationship with the corresponding uniaxial stress, thus establishing a basis for the uniaxial stress evaluation. The calibrated parameters obtained from the two methods are nearly identical. Using the calibrated parameters, the uniaxial stress in a steel member can be evaluated by extracting the CF from the shear-wave pulse echo signal.
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![Functional image of the phase difference.](sensors-19-00492-g001){#sensors-19-00492-f001}

![An illustration of the derivation of the phase difference.](sensors-19-00492-g002){#sensors-19-00492-f002}
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![The increasing step load history applied on the three specimens.](sensors-19-00492-g005){#sensors-19-00492-f005}

![The typical time-domain signals of the received shear waves (sample C3, *σ* = 200 MPa).](sensors-19-00492-g006){#sensors-19-00492-f006}

###### 

The normalized amplitude spectra under different compressive stress states in (**a**) sample C1; (**b**) sample C2; and (**c**) sample C3.
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![The change in the phase difference curves affected by the stress (*θ* = 40°).](sensors-19-00492-g008){#sensors-19-00492-f008}

![The normalized derivation of the phase difference curves under different compressive stress states in (**a**) sample C1; (**b**) sample C2; and (**c**) sample C3.](sensors-19-00492-g009){#sensors-19-00492-f009}

###### 

Comparison of the amplitude spectra and the derivation of the phase difference curves: (**a**) sample C1; (**b**) sample C2; and (**c**) sample C3.
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![Fitting lines between the stress and the inverse of the characteristic frequency extracted from the amplitude spectra.](sensors-19-00492-g011){#sensors-19-00492-f011}

![Fitting lines between the stress and the inverse of the characteristic frequency extracted from the derivation of the phase difference curves.](sensors-19-00492-g012){#sensors-19-00492-f012}

sensors-19-00492-t001_Table 1

###### 

Coefficients of the fitting line using the amplitude spectrum and the phase spectrum.

  ----------------------------------------------------------------------------------------------------
  Parameters       Methods              Sample C1   Sample C2   Sample C3                      
  ---------------- -------------------- ----------- ----------- ----------- -------- --------- -------
  *κ*\             Amplitude Spectrum   7356.73     0.23%       8308.07     0.16%    6691.01   0.01%
  (MPa·MHz)                                                                                    

  Phase Spectrum   7339.74              8321.41     6755.27                                    

  *γ*\             Amplitude Spectrum   1103.99     5.83        1111.95     6.06     1106.05   13.75
  (MPa)                                                                                        

  Phase Spectrum   1109.82              1118.01     1119.80                                    

  *R* ^2^          Amplitude Spectrum   0.9901      /           0.9937      /        0.9998    /

  Phase Spectrum   0.9795               /           0.9828      /           0.9996   /         
  ----------------------------------------------------------------------------------------------------

[^1]: These authors contributed equally to this work.
